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ABSTRACT 



^^atus and methods are disclosed for 
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such as erythrocyte y 
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immunospecif ic selection or depletion of cell 
populations . 

SUMMARY OF THE INVENTION 

The present invention provides apparatus and 
methods for quantitatively analyzing the particulate 
content of a test sample comprising particles of a 
target substance present in a fluid carrier, which 
particles have selectable response characteristics to 
impingement thereon of focused rays of radiant energy 
in the optical wave band. The method of the invention 
comprises the steps of providing a receiver having a 
wall portion that permits transmission of radiant 
energy, the receiver including capture means for 
immobilizing the target particles in a linear array, 
and the capture means being operable to receive and 
immobilize particles from a zone in the receiver 
having a predetermined volume; introducing a quantity 
of said test sample into the receiver for a time 
sufficient to allow the target particles to be 
immobilized on said capture means in a substantially 
linear array corresponding in thickness to about the 
size of the particles; directing focused rays of 
radiant energy in the optical range along the linear 
array of particles; and detecting the response of the 
target particles within said zone to the impingement 
of radiant energy thereon, as a measure of the 
quantity of target particles in the test sample. 

The apparatus of the invention comprises a 
receiver having the above-described characteristics, 
means for directing focused rays of radiant energy in 
the optical range along the linear array of particles 
and means for detecting the particle response to the 
impingement of radiant energy on such particles, so as 
to allow differentiation and enumeration of the 
particulate content of the test sample. In practice, 
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particle quantitation can be carried out by a 
mechanical tracking system, an optical illumination / 
detection system and a signal processing / read out 
system . 

In a preferred embodiment, a wall portion of 
the receiver has a surface with the capture means 
superimposed thereon and the detecting step comprises 
detecting the particle response over an area of the 
wall surface including at least a portion of the 
linear array of particles, as a measure of the 
proportion of the detected particles in the above- 
mentioned predetermined volume. 

According to a particularly preferred 
embodiment, the apparatus and method are utilized for 
the quantitation of bioparticles magnetically labelled 
with colloidal magnetic particles. In this 
embodiment, the capture means comprises a magnetic 
line which is magnetized to generate a magnetic field 
gradient within the receiver along the magnetic line, 
so as to cause immobilization of the magnetically 
labelled bioparticles on the magnetic line. 

Alternatively, the method of the invention 
may be used for the quantitation of non-magnetic 
bioparticles, which comprise or are adapted to 
comprise at least one binding site, with the capture 
means comprising a line of binding agent having 
specific binding affinity for the binding site{s) of 
the bioparticles and the suspension in the receiver is 
subjected to conditions causing binding of the 
bioparticles to the binding agent. 

The present invention provides a unique 
particle analysis apparatus and method which obviates 
the need for a complicated fluidic system such as used 
in flowcytometry, as well as the need for random 
searches for target particles such as used in image 
analysis and the need to analyze large numbers of 
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non-target particles such as used in most traditional 
cell analysis techniques. The invention thus relates 
to an apparatus and method which enables a rapid 
determination of the cell composition of a blood 
specimen or other bodily fluid. 

The present invention is especially adapted 
for the differentiation and enumeration of 
bioparticles in bodily fluids. For example, 
peripheral blood can be incubated with probes, such as 
the colloidal magnetic particles which are the subject 
of U.S. Patent 4,795,698 (Owen et al . ) , prepared such 
as to have specific binding affinity for certain 
bioparticles of interest which enable the linear 
orientation of such bioparticles in the apparatus of 
the invention. The blood sample is also incubated 
with a probe which enables the identification of 
particle types by means such as fluorescent nucleic 
acid stains or f luorescently labelled monoclonal 
antibodies. This incubation can take place inside or 
outside the receiver of the apparatus, which in a 
preferred embodiment comprises parallel ferromagnetic 
lines disposed on a surface of a transparent wall 
portion thereof. After appropriate incubation time, 
the apparatus is placed in a magnetic field of which 
the magnetic field lines are directed perpendicular to 
the ferromagnetic lines in the receiver {North-South 
configuration) . The magnetic gradient will orient the 
magnetically labelled bioparticles along both sides of 
each ferromagnetic line. To prevent multiple 
particles in the vertical plane the thickness of edges 
of the ferromagnetic lines should be of controlled 
thickness, preferably less than twice the size of the 
target particle. Enumeration and discrimination 
between the different types of particles aligned along 
the ferromagnetic lines is achieved by an optical 
detection system which measures differential 
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physicochemical properties of the particles, such as 
light scatter, absorption and fluorescence. 

DESCRIPTION OF THE DRAWINGS 

Figure 1 is a set of photographs taken with 
an inverted fluorescent microscope from whole blood in 
which the leukocytes are aligned along the 
ferromagnetic line. The blood was stained with 
Acridine Orange and magnetically labeled with a CD45 
antibody . 

Figure 1A shows a ferromagnetic mesh with a 
width of 20 ^m, a thickness of 5 jim and spaces of 63 
fxm between the lines. Leukocytes are visible as white 
circles along the ferromagnetic lines. No leukocytes 
are present along the 48 ^m wide perpendicular 
ferromagnetic line. The photograph was taken with an 
inverted fluorescent microscope at a 100X 
magnification and using simultaneously transmitted as 
well as blue excitation. 

Figure IB shows is substantially the same 
image as Figure 1A except that only blue fluorescent 
light was used. As a result, the ferromagnetic lines 
are no longer visible and only the aligned leukocytes 
are visible. 

Figure 2 shows an apparatus embodying the 
present invention including a receiver which permits 
the analysis of subpopulations of particles. 

Figure 2A is a plane view and Figure 2B is a 
perspective view of a schematic representation of an 
apparatus of the invention. 

DETAILED DESCRIPTION OF THE INVENTION 

In a preferred embodiment of the invention, 
as noted above, bioparticles are effectively 
quantitated in an apparatus 2, as illustrated in 



- 6 - 



Figure 2, with the bioparticles bound to at least one 
colloidal magnetic particle, for capture on a 
plurality of magnetic lines 3 which are magnetizable, 
e.g., via magnets 4a and 4b to generate a magnetic 
field gradient within the receiver 5 along the 
magnetic lines, the magnetic field gradient being of 
sufficient strength to achieve immobilization. 
Preferably, the magnetic lines are spaced 
substantially equidistant from one another along the 
length thereof, so as to constitute parallel lines, 
with the space 6 between such parallel lines being at 
least twice the average diameter of the target 
particles. In this particular embodiment, magnets 4a 
and 4b generate magnetic flux lines directed 
substantially transversely to the parallel magnetic 
lines 3 . 

As shown in Figure 2, the magnetic lines are 
disposed on the surface of a transparent wall portion 
7 of the receiver. The magnetic line may be 
continuous or discontinuous. 

Alternatively, non-magnetic bioparticles 
comprising or being adapted to comprise at least one 
binding site may be analyzed according to this 
invention using an apparatus in which the capture 
means is a line of receptor material having specific 
binding affinity for the binding site(s) of the 

bioparticles . 

If desired, the magnetic lines may be 
arranged in a grid including a plurality of parallel 
intersecting lines disposed parallel to the magnetic 
flux lines, whereby the intersecting lines do not 
generate a magnetic field gradient therealong as can 

be seen in Figure 1. 

The technique for immobilization of magnetic 
target particles described herein is an improvement on 
those described in U.S. Patent 5,200,084 and published 
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international application WO 94/11078, the entire 
disclosures of which are incorporated by reference in 
the present specification as though set forth herein 
in full. 

The important parameters of the receiver of 
the apparatus are the width, height and shape of the 
linear capture means, the height of the receiver and 
the optical transparency of the material at least at 
the side adjacent to the capture means. Preferably, 
lines of ferromagnetic material are superimposed on 
the optically transparent surface of the receiver 
which prevents interference of obstacles in the 
optical detection path and further aids the alignment 
of the particles in the vertical plain. Optimal 
shapes of the ferromagnetic lines and their position 
with respect to the magnets is taught in U.S. Patent 
Application No. 08/424,271, the entire disclosure of 
which is incorporated by reference in the present 
specification, as though set forth herein in full. 
The total length of the ferromagnetic lines determines 
the particle capacity of the chamber. For example, in 
the receiver shown in Figure 2, a total length of the 
ferromagnetic lines of 150 mm will have a total track 
length of 300 mm. When a ferromagnetic wire is 
superimposed on the surface of the receiver to serve 
as the capture means, the height of the wire above the 
surface should be adequate to provide a capture strip 
for the target particles on each side of the magnetic 
wire. Preferably, the height of the magnetic wire 
above the receiver wall surface is no greater than the 
average diameter of the target particles. Since two 
sides of the line are available for particle 
immobilization, an average particle size of 10 M m will 
thus result in a particle capacity of 30,000. With a 
ferromagnetic line height of 5 nm, a line width of 20 
M m and 80 m spaces between the lines this can be 
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achieved in a chamber with, for instance, a 5 mm 
length and 3 mm width. The chamber can be configured 
to hold any predetermined volume of test sample in 
which case the number of target analyses along the 
ferromagnetic lines is proportional to the target 
analyte number per volume unit of bodily fluid. For 
example, a chamber height of 0.13 mm results in a 
chamber volume of + 2mm 3 (2 (il) and could for instance 
hold this volume of whole blood the particle capacity 
is then sufficient for all leukocytes present in this 
volume of blood. 

In another embodiment of the invention a 
known volume of bodily fluid is passed through the 
chamber while in the magnetic field and the number of 
target particles along the line is proportional to the 
number of target particles present in the bodily fluid 
volume passed through the chamber. 

A primary advantage of the apparatus and 
method of the invention is that only the target 
population of interest is positioned in the analysis 
zone and the particle capacity is therefore not 
restricted by the total number of particles present. 

Analysis of the target particles is 
accomplished by directing focused rays of radiant 
energy in the optical range along the linear array of 
immobilized particles, and detecting the selected 
response of the particles to the impingement of the 
radiant energy thereon. As used herein, the 
expression "radiant energy in the optical wave band" 
includes at least the ultra-violet, visible and infra- 
red wavelengths of the electromagnetic spectrum. 

One of the essential components of a flow 
cytometer is its hydrodynamic focusing fluidic system 
which provides the mean to align all cells present in 
a cell mixture in a horizontal plane and pass them by 
a measurement orifice at velocities of 2-5 m /sec. 
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The invention described herein provides a similar 
alignment, but of target particles only. In 
differentiating and enumerating the target particles 
the difference between the present invention and 
traditional f lowcytometry is that in practicing the 
present invention either the optical system is moved 
along the ferromagnetic lines, the ferromagnetic lines 
are passed by the optical system or a combination of 
both movements may be employed, both in separate 
directions of the horizontal plane. 

The analytical system of this invention can 
be quite similar to that used in flow cytometry and 
optical analysis of particles fixed in linear areas as 
described by de Grooth B G, et al, in Cytometry 1985, 
6:226-33. The light source preferentially a laser is 
focused on a small spot, generally < 20 pm, the 
specifications of the shape and dimensions of the spot 
is large determined by the sensitivity which is 
required for the measurement as taught by Shapiro and 
Doornbos. H. Shapiro, Practical Flowcytometry , Alan 
R. Liss, 1995; R. Doornbos et al . , Cytometry, 15: 267- 
271 (1994); R. Doornbos et al . , Cytometry, 14: 589-594 
(1993) The choice of the light source (s) is largely 
dependent on the application in which it will be used. 
The use of detection optics similar to those used m 
CD players, solid state lasers and fluorescent dye's 
excitable by these lasers, such as nucleic acid stains 
TO-P03 and LDS-751 and fluorescent probes CY5 and APC 
conjugated to monoclonal antibodies or other target 
identifiers such as single chain antibodies is 
included within the scope of the invention. 

The following examples further describe in 
some detail manners of using aspects of the present 
invention and set forth the best mode contemplated by 
the inventor for carrying out the invention, but are 
not be construed as limiting the invention. 
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Example I 

T „„w^ Y ^ niffe r™HAt-.lon in Whole Bloo d 

A blood sample is incubated with a 
ferrofluid labeled pan leukocyte antibody (CD45) and a 
fluorescent nucleic acid dye. The incubation can take 
place in or outside the receiver. The receiver is 
then introduced into a magnetic field and the 
leukocytes align on both sides of the ferromagnetic 
lines Figure 1 shows the alignment of leukocytes in 
l M i of blood. in the example shown in the figure, to 
1 M l of blood 0.4 W of a 130nm CD45 labeled 
ferrofluid, 3 ng of Acridine Orange and 10 ng of 
Ethidium Bromide was added and incubated for 10 
minutes. The sample was then placed into a receiver 
of which the bottom consist of a microscope coverslip 
on top of which a nickel mesh was placed. The mesh 
consisted of ferromagnetic lines composed of nickel 
with a width of 20 „m and thickness of 5 M m, spaces of 
63 nm were between the lines. The mesh used also 
contained 48 M m ferromagnetic lines positioned 
perpendicular to the other lines. Magnets were placed 
on both sides of the receiver, the orientation of the 
field lines (-> H) and the position of the North (N) 
and South (S) pole of the magnets are indicated in the 
figure. Cells exhibiting the antigen recognized by 
the CD45 ferrofluid are attracted to the highest 
magnetic gradient which is present at the edges of the 
lines positioned perpendicular to the magnetic field 
lines Acridine Orange is taken up by the nucleated 
cells'and when excited with blue light (460-5OOnm) the 
dye taken up by the nucleus will emit green light 
whereas dye taken up by the intracytoplasmatic 
granules of granulocytes will emit red light. 
Ethidium Bromide is taken up only by cells of which 
the cell membrane is not intact (dead cells) can be 
excited by blue light (480 - 580nm) and emits deep red 
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light. The photograph shown in Figure 1 was taken 
after placing the chamber in an inverted fluorescent 
microscope with blue excitation permitting the 
visualization of the emitted fluorescence in addition 
to regular light which permit the visualization of the 
ferromagnetic lines. In Figure 1, the cells which 
emit fluorescence light can easily be distinguished 
from the rest of the blood components and are aligned 
only besides those lines placed perpendicular to 
magnetic field lines. Discrimination between the cell 
types is achieved by the detection of selected 
emission spectra and lightscatter properties of the 
cell types. It is obvious for those skilled in the art 
that probes with various specificity's can be used to 
align different target population and probes with 
various specificity's and different fluorescence 
excitation and emission can be used to differentiate 
between the aligned targets. Also one or more 
excitation wavelength can be used to discriminate 
between the targets. 

Example IX 

T r h ^^ lc differentiation in whole blood 

A blood sample is incubated with a 
fluorescent nucleic acid dye and ferrofluid labeled 
with an antibody directed against a cell surface 
epitope such as for instance CD 4 expressed on T-helper 
lymphocytes and monocytes or CD34 present on 
progenitor cells. The incubation can take place in or 
outside the receiver. The receiver is then introduced 
into a magnetic field and the cells exhibiting the 
cell surface antigen recognized by the bioactive 
ferrofluid align on both sides of the ferromagnetic 
lines. Although all nucleated cells are f luorescently 
labeled only those which are adjacent to the 
ferromagnetic lines are target cells and will be 
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identified as such by the optical detection system. 
When the target cell frequency is, however, low as is 
the case for progenitor cells in peripheral blood 
identified by CD34 in normal donors (1-10 CD34+ 
cells/ill) the likelihood increases that non-target 
cells present by coincidence along the ferromagnetic 
lines influence the accuracy of the enumeration. The 
likelihood that non-target cells are present by 
coincidence along the ferromagnetic line and thus 
mistakenly enumerated as a target cell can be reduced 
by decreasing the total length of the ferromagnetic 
line. This can for instance be achieved by decreasing 
the number of ferromagnetic lines in the chamber. 

An alternative approach is not to use a 
fluorescent nucleic dye but to use a fluorescent 
labeled monoclonal antibody or other probes directed 
against the same cell type as the bioactive 
ferrofluid. Preferably this probe is directed against 
a different epitope as the bioactive ferrofluid. In 
this approach only the target cells are f luorescently 
labeled and identified as such. A drawback of the 
latter procedure is, however, that it requires a 
higher sensitivity of the detection system. Other 
approaches include those generally used in 
flowcytometry and generally referred to as multi-color 
and or multidimensional analysis. In this case a 
bioactive ferrofluid is used to align the particles of 
interest along the ferromagnetic lines and a variety 
of monoclonal antibodies or other antigen specific 
probes labeled with different f luorochromes are used 
to identify different characteristics or subsets 
within the immunomagnetically immobilized particles. 
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Example III 
Identification and Examination 
of Infrequent Cell Types 

With decreasing frequency of a target 
population it becomes increasingly more difficult to 
reliably detect, enumerate and examine the target 
population. Not only is there an increasing demand on 
the specificity of the identifiers, i.e. probes or a 
combination of probes, the need arises for a specific 
target enrichment technique in addition to the need to 
process larger volumes of the bodily fluid. Table 1 
below illustrates this by showing the frequencies of 
various cell populations among the nucleated cells in 
peripheral blood of normal individuals. 



Cell Frequency 

1:1/1:10 

1 : 10/1 : 10 2 

1 : 10 2 /1 : 10 3 

l:107l:10 4 

1:10 4 /1:10 5 

1 : 10 5 /1 : 10 6 

1:10 6 /1:10 7 

1:10 7 /1:10 8 



TABLE 1 
Cell Number 

10, 000-1, 000//il 

1, 000-100/^1 
100-10/^1 

10-l//xl 

1, 000-100/ml 

100-10/ml 

10-l/ml 

1, 000-100/1 



Targets Cells 

granulocytes , 
lymphocytes 

monocytes , 

eosinophils 

basophils 

CD34+ cells 

CD34+, CD38- cells 

tumor cells 

tumor cells 

tumor cells 



For the analysis of infrequent cells such as 
CD34+ cells or a subset thereof or in case of disease 
potential circulating tumor cells the amount of blood 
needed to reliably detect, enumerate and examine the 
target population needs to be substantially larger then 
1 ill. Practical implications for the analysis of larger 
blood volumes are a substantially longer processing time 
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for example for the flow cytometric analysis of a 1 .1 
bl ood sample the erythrocytes in the sa.pl .re 

• aVLv lvsed which is accompanied with a 10 told 
typxcally lysed ^ ^ 

dil ution of the sample^ VP ^ ^ 

flow cytometer are 1 .1/sec enrichme nt 
be analyzed after 2.78 hours. The need 

f the target population and an increase xn its 
of the target p P desire d. A variety of 

concentration is thus clear y . lable SU ch as 

. ^ ^ me >t-hods are commercially available sue 
enrichment method » Biotec GmbH , 

the utilization of magnetics i SucceS s of these 

^ or affinity columns (Cell Pro). Success 
Dynal) or affinity ^ targets , 

procedures is determined by carry the 
of tarqets, the ability to concentrate the 
recovery of targets, targe t after the 

i fhp ability to analyze tne 
target and the abili y recei ver of a sample 

Tni-roduction into a receive 
procedure. Introduc . araets are concentrated 

i j-T,r fhiiH of which targets cue 
from a bodily fluid ot enume ration and 

„ t-a-rrrpts are reduced permits uie 
and non targes popula tion. For example to a 

examination of the g bioactive ferro fluid 

vessei containing 10 ml of ithelial origin, 

is added which identlf ^ S . Cell t S he °' es Ll is placed in an 
after appropriate incubation the vess P 

n field high gradient magnetic separator a 

open field mgi y after 

»_ _ "i in U S. Patent 5,l»o,e^/ 

Liberti et al- in u.a „ =rm( ,»- i rallv 

rr separated can now. ^^^"^ 
volume when the vessel ^ can fee 

field, to this volume fluorescen ^ 

, and a fter incubation the sample is again p 
added and ai«x After separation 

u- u „„riient magnetic separator. Aitex. f 
a high gradient mg ^ are removed 

the supernatant includi g in a volume 

and the separated cells are P 

v,^h fits in the chamber. Assuming the 10 ml o 
which tits in cells 

• a m« rells a carry over of 0.01. or 
contained 10 cells, a j ■ ^„ the ranqe of 

1t - -in 10 4 cells which is within the rang 
would result m 10 cei rece iver of the 

the cell capacity of the example of the 
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apparatus of this invention. Given a target cell 
frequency of 1 in 10 7 and a recovery of 70%, 7 target 
cells would be among these cells which is sufficient for 
identification and further characterization if the 
detection probes and optical detection are of sufficient 
enough quality. The cells which express the antigen 
targeted by the ferrofluid will align along the 
ferromagnetic lines in addition to the cells which 
nonspecifically bound the ferrofluid, cells which were 
captured due to other reasons such as entrapment will 
not align and thus results in a further purification of 
infrequent cell types. Identification and further 
characterization of the target cells is obtained by the 
differences in the scattered and spectrum of the 
fluorescence light. An additional improvement can be 
achieved by utilization of a fluorescent form of the 
bioactive ferrofluid, the target cells can then be 
discriminated from non specifically bound cells by the 
amount of fluorescence emitted by the cells, i.e. the 
density of the antigen on the cell surface of the target 
cell is most likely different from the density of 
nonspecifically bound ferrofluid to non target cells. 
In contrast with f lowcytometry the individual targets 
can be reexamined in that the optical detection system 
can identify and locate the target particles of 
interest, the receiver then can be examined by a more 
sophisticated optical detection system as such as a 

confocal microscope. 

The terms and expressions which have been 
employed are used as terms of description and not of 
limitation and there is no intention in the use of such 
terms and expressions of excluding any equivalents of 
the features shown and described, or portions thereof, 
but it is recognized that various modifications are 
possible within the scope of the invention claimed. 
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WHAT IS CLAIMED IS: 

1. A method for quantitatively 
analyzing the particulate content of a test sample 
comprising particles of a target substance present in a 
fluid carrier, said particles having selectable response 
characteristics to impingement thereon of focused rays 
of radiant energy in the optical wave band, said method 

comprising the steps of: 

providing a receiver having a wall 

portion that permits transmission of said radiant 
energy, said receiver including capture means for 
immobilizing said particles in a linear array, said 
capture means operable to receive and immobilize 
particles from a zone in said receiver having a 

predetermined volume; 

introducing a quantity of said test 

sample into said receiver for a time sufficient to allow 
said particles to be immobilized on said capture means 
in a substantially linear array corresponding in 
thickness to about the size of said particles; 

directing focused rays of radiant 
energy in the optical range along said linear array of 
particles; and 

detecting the response of said 
particles within said zone to the impingement of said 
radiant energy thereon as a measure of the quantity of 
said particles in said test sample. 

2. A method as claimed in claim 1, 
wherein said wall portion of said receiver has a surface 
with said capture means superimposed thereon and said 
detecting step comprises detecting said response over an 
area of said wall surface including at least a portion 
of said linear array of particles, as measure of the 
proportion of said detected particles in said 
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predetermined volume . 

3. A method as claimed in claim 2, 
wherein said particles are bioparticles magnetically 
labelled with colloidal magnetic particles, and said 



magnetized to generate a magnetic field gradient within 
said receiver along said magnetic line, thereby to cause 
immobilization of said magnetically labelled 
bioparticles on said magnetic line. 

4. A method as claimed in claim 2, 
wherein said particles are non-magnetic bioparticles, 
said bioparticles comprising or being adapted to 
comprise at least one binding site, said capture means 
comprising a line of binding agent having specific 
binding affinity for said at least one binding site of 
said bioparticles and said suspension in said receiver 
is subjected to conditions causing binding of said 
bioparticles to said binding agent. 



capture means 



comprises a magnetic line 



which is 



wherein said 



5. A method as claimed in claim 1, 
test sample comprises whole blood. 
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